The pedestrian flow with evading and surpassing behavior in a walking passageway is simulated based on a modified social force model in order to explore the influence of this behavior on evacuation efficiency, bottleneck passing capacity, and the macroscopic phenomenon. A pair of conjugated self-driven forces is introduced to enable a pedestrian to avoid a direct collision and keep a normal velocity magnitude while confronting an obstacle. The pedestrian avoiding time is used to define the triggering conditions of evading and surpassing behavior, and has been estimated through practical experiments. Simulation results show that in a passageway without spatial obstacles, the evading and surpassing behavior will increase the evacuation time under the condition that the pedestrian number is larger than a critical value. Moreover, when a spatial obstacle exists, both the rise of pedestrian numbers and the decline of bottleneck width would increase the evacuation time. Meanwhile, it is observed that compared with a bar-shaped obstacle, a circle-shaped obstacle corresponds to a larger bottleneck passing capacity and less evacuation time when the size of the spatial obstacle is above a critical value. In addition, a phenomenon of a triangle ''evading region'' caused by the evading and surpassing behavior also can be observed before the spatial obstacle through simulation and experiments. Furthermore, it can be concluded that a circle-shaped obstacle corresponds to a stronger guiding function and a larger area of ''evading region'' compared with a bar-shaped one, and induces a relatively higher bottleneck passing capacity in a walking passageway.
Introduction
The theories of pedestrian dynamics are significant to the design of architecture layout and the management of pedestrian crowds. Simulation has been widely accepted as a lowcost approach to study the dynamics of pedestrian flows. Simulation based on microscopic behavior of pedestrians is capable of reproducing macroscopic crowd phenomena, thus becoming a main approach to explore the macroscopic features of pedestrian flows under different walking scenarios. The most widely applicable microscopic simulation models include the cellular automata (CA) model, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] the social force model (SFM), [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] the centrifugal force model, 30 and compositional models 31 in the state-of-the-art research. The study objects generally include passing flows in passageways, 13, 17, 18, 22, 25 evacuation flows from an empty room, 12, 15, 16, 23, 32 and pedestrian flows in visual-affected, 1,2 multi-exit, 3, 6 and spatial obstructed situations. [7] [8] [9] [10] [11] 23, 24, 27, 28, 33 The CA model has been widely applied for its high speed in computer simulation and the capacity to reproduce certain macroscopic phenomenon, such as arching, selforganization, and stampede-crush. The CA model divides the space into discrete grids and sets certain update rules to motivate pedestrians. Guo and Huang 4 constructed a logitbased exit choice model to simulate the evacuation from rooms with multiple obstacles and walls as internal obstacles, where the obstacles affect the visuality of pedestrians and complicate the evacuation situation. Yue et al. 5 calculated the shortest estimated distance from a pedestrian to the exit through labeling empty cells, which enables pedestrians to evade obstacles in the shortest paths. Yanagisawa et al. 8 introduced frictional and turning function into the floor field model, and discovered that the outflow increases by putting an obstacle shifted from the exit, while it decreases by putting an obstacle in the center. However, the CA model is deficient in reproducing microscopic behavior of pedestrians since pedestrians can only move to neighboring cells and the velocity is restricted into one or several certain values.
The SFM is spatially continuous and can superbly reproduce the microscopic behavior and macroscopic phenomena of pedestrian flows. The SFM assumed that pedestrians were motivated by the self-driven force, repulsion force, and friction force, and successfully reproduced macroscopic behavior like ''arching'' and the ''faster-isslower effect''. 9, 10 The SFM was further improved from the perspectives of self-driven force modification, 15, 16, 22 repulsion force modification, 17, 18, 24 and parameter calibration 11, [17] [18] [19] 23 . Yang et al. 15 used navigational force to model the effect of guides, and added parameters considering the effect of the vision field, excitement or nervousness, and the surrounding environment into the calculation of desired velocity. Hou et al. 16 modified the desired velocity of normal pedestrians to point to the nearest trained leaders, which enabled the reproduction of following behavior during evacuation. Seer et al. 17, 18 presented a data collection approach for studying pedestrian behavior, and subsequently calibrated the parameters of three modified SFMs based on empirical data. Kretz 19 proposed that the oscillation in the movement of pedestrians could be excluded if the model parameters fulfilled certain relations. Berseth et al. 20 proposed a framework to automatically optimize simulation parameters in some models, including the SFM, to meet certain optimization objectives. Werberich et al. 21 proposed a pedestrian route choice model inspired by the friction force function to simulate the impedance effect of other pedestrians during the route choice process.
Despite the wide application of the SFM, there are three problems in the model. Firstly, the mechanism of obstacle-avoiding behavior has not been fully described in the SFM, which will be analyzed in Section 3.1. Secondly, the SFM cannot enable a pedestrian to actively surpass other pedestrians, which will be shown in detail in Section 3.3 Thirdly, the SFM is more suitable to describe pedestrian evacuation in competitive or panic conditions other than normal conditions. 22 Contributions have been made to help solve the three problems. Some studies enable pedestrians to evade spatial obstacles through changing the desired direction of pedestrians in certain conditions. Frank and Dorso 23 modeled strategic pedestrians through making their desired directions point to the bottleneck formed by obstacles, and concluded that strategic behavior could not guarantee higher survival chances in room evacuation. Zhao et al. 24 also defined that the desired direction of a pedestrian points to the edges of a panel-like obstacle when the pedestrian is behind the panel. However, the modified desired direction was merely related to the obstacle layout, making it impossible to consider the inhomogeneity of pedestrians with different evading behaviors. Moreover, the surpassing behavior among pedestrians has not been considered there.
Other studies proposed alternative methods to help pedestrians surpass bidirectional pedestrians. Rudloff et al. 25 improved the repulsion force in the SFM by converting it to two orthogonal repulsion forces and calibrated relative parameters based on empirical data. Guo 26 modified the SFM by introducing the sliding action force, which provided a component force to accelerate in the direction perpendicular to the normalized vector pointing from one pedestrian to another, thus enabling pedestrians to evade counter pedestrians. Tang et al. 32 constructed the continuous bypassing behavior model based on the velocity-time domain, which changed the movement direction of a pedestrian to avoid his most urgent collision with others. Nevertheless, their performances in obstacle avoidance have not been analyzed specifically.
By contrast, there are some models that enable a pedestrian to avoid collisions with spatial obstacles and other pedestrians. Fiorini 33 proposed the concept of velocity obstacles to handle with robot motion planning in dynamic environments, and Berg et al. 34 proposed the method of reciprocal n-body robot collision avoidance based on the velocity obstacle to enable pedestrians to choose optimal collision-free velocity when confronting with collisions. However, the compliance of these models with practical pedestrian dynamics still needs further validation.
Apart from the efforts on the study of obstacle avoidance, the difference between evacuation in panic and normal conditions has also attracted the attention of researchers. Parisi et al. 22 stressed that the SFM had some limitations in reproducing pedestrian flows in normal conditions, where pedestrians would try to stop before making physical contact with others. He hence introduced a selfstopping mechanism, which set the velocity of a pedestrian to zero when the pedestrian met the slowing-down condition, thus preventing the pedestrian from continuously pushing over others. Meanwhile, some researchers chose to remove the friction effect among pedestrians to describe pedestrian movement in normal conditions. 25, 26 Considering the problems in the original SFM, this research aims to give detailed description of the mechanism of obstacle-avoiding behavior in normal conditions. It is often observed that some obstacles obstruct the movement of pedestrian flows in real walking facilities. On account of the movement status, obstacles can be classified as static and mobile obstacles. Obstacles without movement (e.g., desks, chairs, columns, and walls) can be regarded as static obstacles, while obstacles with a slower velocity (e.g., the older, the disabled, and other slowmoving pedestrians) can be seen as mobile obstacles. All the entities in walking environments can be simplified into pedestrians, circle-shaped obstacles and bar-shaped obstacles. Please note that the walls, although constituting the system boundary, are also treated as general bar-shaped obstacles. In order to avoid a direct collision and keep a normal movement velocity, individual pedestrian will try to evade static obstacles and surpass mobile obstacles.
The influence of initiative evading and surpassing behavior of pedestrians in front of obstacles on pedestrian evacuation will be analyzed through modeling and simulation. The behavior of a pedestrian evading a spatial obstacle or surpassing a slow-moving pedestrian would result in two types of effects on pedestrian flow. On the one hand, a pedestrian can keep the desired velocity and avoid herding or waiting after slow-moving pedestrians, which induces relatively high movement efficiency. On the other hand, the evading and surpassing behavior could affect and disturb the normal movement of others, which induces relatively low movement efficiency. Therefore, to improve the management and organization of pedestrian flow, whether the evading and surpassing behavior should be encouraged or forbidden in different conditions is a hot topic in the field of pedestrian dynamics.
Meanwhile, a spatial obstacle is often set in the walking facility to effectively guide and separate the pedestrian flow, thus forming a bottleneck with the walls or other spatial obstacles. Various studies on obstacles have been done through experiments and simulation, and whether a spatial obstacle in front of the exit can improve the evacuation efficiency or not has become a research focus. On the one hand, the influence of obstacles on evacuation efficiency is related to obstacle size and position, which means the experimental results in different scenarios could be different. Experiments in Liu et al. 35 showed that a circle-shaped obstacle before the exit decrease the evacuation efficiency in their experimental scenario, while experiments in Yanagisawa et al. 9 showed that a circleshaped obstacle could improve the evacuation efficiency through eliminating the pedestrian cluster in a congested condition, and slightly decrease the evacuation efficiency when the pedestrian cluster was not formed. On the other hand, some persuasive conclusions about optimal obstacle shape and obstacle layout have been derived through computer simulation and experiments. For instance, it has been shown that the best placement of a circle-shaped obstacle is slightly shifting it away from the center of the exit, 8, 24 the panel-like obstacle is more robust and stable than the pillar-like obstacle in improving the evacuation efficiency, 23, 24 and placing two pillars on both sides of the door appropriately could help achieve the optimal evacuation efficiency. 27 Meanwhile, some evacuation experiments in evacuation scenarios with obstacles like classrooms 10, 11, 28 have been conducted for modeling validation through evaluating the evacuation efficiency or contrasting the balance of exit choice under certain obstacle layouts. Other studies about obstacles mainly concern the macroscopic influence of obstacles, including the segregation of the evacuation room, 6 the effect on the selection of movement path, 7 and the repulsing and rubbing function.
However, little attention has been paid to the microscopic evading and surpassing behavior of pedestrians when they confront obstacles or the corresponding macroscopic phenomenon caused by the microscopic behavior. Meanwhile, the present studies mainly focus on the effect of the surrounding conditions, such as obstacle layout on pedestrian dynamics, rather than the effect of the evading and surpassing behavior on the evacuation efficiency. Moreover, compared with the layout design of spatial obstacles, the influence of obstacle size and its corresponding passing capacity of a bottleneck deserves more attention and further exploration.
In this research, the microscopic evading and surpassing behavior, as well as the macroscopic triangle ''evading region,'' which is observed in practical experiments, are expected to be reproduced through simulation. Meanwhile, the influence of the surpassing behavior among unidirectional pedestrians as well as the influence of the pedestrian evading behavior before a circle-shaped obstacle on evacuation efficiency will be illustrated. Moreover, the influences of obstacles with different sizes and shapes on evacuation efficiency and bottleneck passing capacity will be contrasted for further exploration on the performance of obstacles. In addition, we assume that the macroscopic ''evading region'' is caused by the microscopic evading behavior, and this phenomenon should be capable of describing the guiding function of obstacles, which is meaningful to evaluate obstacles of different shapes.
To model the influence of evading and surpassing behavior on pedestrian flow, a pair of conjugated driven forces is introduced to modify the self-driven force in the SFM, which enables pedestrians to actively evade static and surpass mobile obstacles. The conjugated driven forces refer to the forward-moving force and lanechanging force, which respectively represents the selfdriven force to decelerate in the desired direction, and the self-driven force to evade or surpass by accelerating in the direction that is perpendicular to the expected one. The conjugated relation between these two forces enables a pedestrian to avoid a direct collision while maintaining his velocity magnitude through converting his desired direction. The colliding time is introduced to calculate the deceleration of pedestrians in the desired direction, which is related to the distance and relative velocity between the pedestrian and the obstacle. Meanwhile, the repulsion force and friction force have been modified to reproduce pedestrian dynamics in normal conditions. Simulation of pedestrian dynamics based on the proposed model is achieved under the pedestrian evacuation scenario and passing scenario in a walking passageway.
The evacuation scenario is constructed to explore the merits or defects of evading and surpassing behavior under different obstacle shapes and sizes, and reproduce the real macroscopic phenomenon of the triangle ''evading region'' before the spatial obstacle. The time for pedestrians to evacuate from the system could be recorded, making it feasible to compare the corresponding evacuation time in different situations. Experiments have also been conducted to validate the existence of the triangle ''evading region.'' On the other hand, the passing scenario is built to explore the effect of obstacle shape and bottleneck width on the passing capacity of the bottleneck. Pedestrians in the passing scenario will return to the system after leaving from it, which ensures that the number of pedestrians in the system remains constant.
The organization of this paper is as follows: Section 2 specifically illustrates the modified SFM, which enables pedestrians to change the desired direction while maintaining the velocity magnitude through adopting the conjugated forces. Simulation based on the modified SFM is presented in Section 3, where pedestrian evacuation flow and unidirectional passing flow under different conditions in a passageway is simulated. Modeling comparisons are illustrated in Section 4, and the conclusions of this research are shown in Section 5.
Modeling based on conjugated driven forces
A pedestrian in a normal movement status is usually willing to move at a desired velocity with the desired direction and magnitude to realize his movement aim. However, static spatial obstacles or mobile pedestrian obstacles will impede the normal movement of pedestrians. Therefore, pedestrians will try to avoid collisions with obstacles through adopting evading and surpassing behavior.
Evading and surpassing behavior
While encountering an obstacle, a pedestrian would desire to change his moving direction in order to avoid a direct collision and keeps a normal movement status, which is because he is physically unable to overlap with obstacles. It is defined that a pedestrian is in a collision with forward obstacles if he will be touched or crushed by obstacles within a certain time when the pedestrian insists on walking in his desired direction. It is assumed that the pedestrian would take actions to avoid a direct collision and keep his desired movement status under a collision condition.
Evading and surpassing behavior in this paper is defined as the action of a pedestrian in a collision to evade static spatial obstacle and surpass mobile pedestrian obstacles. Evading and surpassing behavior is an active measure of pedestrians to avoid forward obstacles, and can be regarded to be motivated by the self-driven force. In order to describe the self-driven action and the yearn for the desired movement status, it is assumed that only the direction of the desired velocity is changed and that the magnitude of the desired velocity is kept when a pedestrian adopts the evading and surpassing behavior to avoid an obstacle. A modified SFM would then be proposed to realize the evading and surpassing behavior through introducing a pair of conjugated driven forces, by which the desired velocity is altered to avoid an obstacle.
Conjugated driven forces
The original SFM describes the psychological tendency and physical behavior of pedestrians based on the concept of forces, and assumes that a pedestrian is motivated by the self-driven force, repulsion force, and friction force. The self-driven force provides the motivation of a pedestrian to move forward at his desired velocity, the repulsion force denotes the repulsive psychology of a pedestrian to keep away from other pedestrians, and the friction force represents the rubbing effect between pedestrians contacting with each other.
The self-driven force f 0 i of pedestrian i in the original SFM can be calculated as follows:
where f i + represents the desired self-driven force of pedestrian i, that is, desired movement status, f i À represents the current movement status, and f 0 i is the self-driven force to convert from the current status to the desired movement status. Meanwhile, m i is the weight of pedestrian i, v i 0 is the desired velocity, v i is the current velocity, t is the relaxation time that a pedestrian needs to adjust his velocity, and e i is the desired direction.
In the original SFM, e i only depends on the relative location between pedestrian i and the exit, which means the pedestrian cannot actively evade or surpass the forward obstacles, and even fails to bypass obstacles if he adheres to e i . In order to amend the lack of the mechanism to evade and surpass obstacles in the SFM, the forward-moving force f a i and lane-changing force f l i are introduced to modify the desired self-driven force f + i , which is applied to change the direction of desired velocity e i , and simultaneously to keep the magnitude of desired velocity v 0 i constant. f i s represents the modified desired self-driven force. When a pedestrian decides to change the desired movement status, he will intend to decelerate in the desired direction e i and accelerate in the perpendicular direction of 
Equation (2) represents the condition to maintain the magnitude of the desired velocity. The modification of desired self-driven force from f + i to f i s is illustrated by Figure 1 , where f i s is the resultant force of f a i in the direction of e i and f l i in the perpendicular direction of e i . In the process of evading and surpassing obstacles, the forwardmoving force f a i and lane-changing force f l i exist simultaneously. In order to maintain the magnitude of the desired velocity, the value of f a i will increase with the decrease of f l i , vice versa. Therefore, as is shown in Equation (2) and Figure 1 , f a i and f l i can be regarded as a pair of conjugated driven forces.
Triggering condition of evading and surpassing
2.3.1 Conflicting time. When pedestrian i encounters with an obstacle, t c ij is defined as the colliding time of pedestrian i with obstacle j, after which pedestrian i will collide with obstacle j if the pedestrian keeps his desired velocity rather than adopting the evading and surpassing behavior. The smaller t c ij is, the sooner the pedestrian collides with the obstacle, and the stronger the desire of the pedestrian is to evade or surpass obstacles.
The t c ij value is determined by the location and velocity of pedestrian i and obstacle j. It is assumed that p i (t) is the position of pedestrian i at time step t, and v i 0 is the desired velocity of pedestrian i. The pedestrian located at p i (t) is assumed to be capable of observing and predicting his forward movement field. The distance that the pedestrian desires to move within t c ij is defined as the colliding distance d c ij . p i (t j ) is the location of pedestrian i when he collides with obstacle j at his desired velocity, as is illustrated in Figure 2 . The value of t c ij can be derived through the geometrical relation shown in Figure 3 and Equations (3)- (6) .
It can be seen from Figure 3 that p j (t) À p i (t) is a vector pointing from pedestrian i to obstacle j and represents the relative distance between them. v i 0 (t) À v j (t) is the predicted velocity difference. a is the angle between the two vectors. It is noted that when j is a static bar-shaped obstacle, such as a wall, p j (t) is the point on obstacle j that is nearest to p i (t), and the predicted velocity difference is v i 0 (t). In order to calculate the colliding time t c ij , it should be judged whether a collision is probable to occur. From Figure 3 , it can be deduced that the geometrical conditions for the occurrence of a collision are shown as follows: If Condition 1 can be met, a is calculated by Equation (4) for the verification of Condition 2:
If Condition 2 can be met, d 1 is calculated by Equation (5) to verify Condition 3. d 1 represents the distance from p j (t) to the vector v i 0 (t) À v j (t), which can be derived as follows:
If all the three conditions are met, pedestrian i is predicted to collide with obstacle j after the colliding time t c ij , which could be calculated as follows:
where r i refers to the radius of pedestrian i. However, if not all of the three conditions are met, collisions will not occur, and the colliding time is set to be t c ij = '.
Avoiding time.
The collision between the pedestrian and obstacle is the main factor that brings about the evading and surpassing behavior. In order to describe the triggering condition of the evading and surpassing behavior, the avoiding time t a i is introduced to describe the critical time that a pedestrian initially adopts the evading and surpassing behavior when encountering obstacles. t a i is determined by the characteristics of individual pedestrian. If j is the only obstacle that pedestrian i is predicted to collide with at the present moment, the triggering condition of the evading and surpassing behavior is t c ij \ t a i .
In the real walking condition, a pedestrian will probably encounter multiple obstacles in his forward movement area, which is shown in Figure 4 . The forward movement area Y is set as a semicircle, whose radius is d a i and center is p i (t). d a i is the distance that pedestrian i expects to walk within the avoiding time, which can be calculated as follows:
A pedestrian has to evade or surpass the obstacle he will first collide with, and the time it costs for pedestrian i to collide with the first obstacle is defined as colliding time t i c . Therefore, the colliding time t i c of pedestrian i should be set as the least t c ij , which can be calculated as follows:
where N is defined as the pedestrian set. O i is defaulted to be the set of static spatial obstacles because pedestrians without evading and surpassing behavior are probably unable to pass through static spatial obstacles. However, when pedestrian i does not collide with static spatial obstacles, that is, t i c = ', he will be considered to evade or surpass other pedestrians. On this occasion, O i is reset to be the set of all the pedestrians except pedestrian i, and t i c should be recalculated. After that, O i is reset to be the set of static spatial obstacles.
Triggering condition.
The triggering condition of the evading and surpassing behavior could therefore be represented as follows:
t a i is an intrinsic parameter of pedestrian i, which indicates the occasion that pedestrian i begins to evade or surpass. When t a i . 0, pedestrians will actively evade and surpass 
obstacles. The larger t a i is, the earlier pedestrians will probably begin to evade and surpass obstacles. Meanwhile, when t a i = 0, the modified model is almost identical to the SFM, where pedestrians would not change the desired selfdriven force.
Calculation of conjugated driven forces
When the evading and surpassing behavior has been triggered, the pedestrian intends to decelerate in the desired direction and accelerate in the direction perpendicular to the desired one, which is achieved through the modification of the desired self-driven force. The resultant desired force in the former desired direction is forward-moving force, and the resultant desired force in the perpendicular direction is lane-changing force.
2.4.1
Forward-moving force. The forward-moving force f a i is composed of the desired self-driven force f + i and the conflicting force f i c , which was shown in Equation (2). f + i represents the force to move forward, while f i c represents the deceleration force to avoid direct collision. f + i can be seen in Equation (1), and f i c can be achieved as follows:
where A i represents the movement capacity of a pedestrian. B i represents the cosine of the angle between the predicted velocity difference and the vector pointing form pedestrian i to obstacle j, which is shown in Figure 3 . C i represents the reaction sensitivity when pedestrian i is confronted with a collision. According to Equation (2), the forward-moving force f a i can be achieved as below:
2.4.2 Lane-changing force. As shown in Figure 1 , the forward-moving force f a i and lane-changing force f l i are a pair of conjugated forces, and thus the value of f l i can be derived as follows:
where d i is a unit vector tangential to e i and represents the direction in which the pedestrian wants to avoid obstacle j.
The direction of d i varies in different scenarios; therefore, certain rules are adopted to determine the specific direction of d i (see Figure 5 ).
A pedestrian will not easily change his walking direction because of the inertia, and he could only detect the practical velocity of the obstacle that is in collision with him. It is assumed that a pedestrian will try to get away from obstacles during the process of evading and surpassing obstacles. Therefore d i is sequentially influenced by the predicted velocity difference Figure 5 (a)). Secondly, when
The pedestrian will move in a direction away from the obstacle to reduce the bypassing distance, and d i is therefore in accordance with ( p i (t)À p j (t)), that is, ( p i (t) À p j (t)) Á d i . 0 (see Figure 5 (b)). Otherwise, the pedestrian will randomly select a direction perpendicular to e i (see Figure 5 (c)).
Based on Equation (2), the value of modified selfdriven force f i 0 can eventually be deduced by the following equation:
Repulsion and friction force
The modified self-driven force could enable a pedestrian to avoid the most urgent collisions by changing the desired direction. In reality, however, there may not be sufficient space for the pedestrian to evade or surpass the obstacle. Moreover, the pedestrian movement is also influenced by other obstacles around him, except the obstacle that motivates the pedestrian to evade and surpass. Therefore, the repulsion force and friction force in the SFM are Figure 5 . Illustration of the rules to determine the avoiding direction. In (a), the avoiding direction d i is in accordance with predicted velocity difference v i 0 À v j . In (b), d i is in accordance with the relative location p i (t) À p j (t). In (c), the dashed arrows represent all the allowed directions of d i .
maintained in the modified SFM to reflect the influence of the surroundings. To model the pedestrian movement in normal conditions, the repulsion force and the friction force are modified.
It is assumed that a pedestrian repulses obstacles within the forward movement field shown in Figure 4 . Repulsion force f ij r is defined as the repulsive effect between pedestrian i and obstacle j. When pedestrian i does not contact with obstacle j, f ij r represents the psychological influence of j on i. When i contacts with j, f ij r represents the physical force between i and j. The calculation of f ij r is as follows:
where D i is a constant representing the repulsion sensitivity, and n ij is a unit vector pointing from the center of j to i. Meanwhile, if j is a circle-shaped obstacle, d ij refers to the distance between the center of i and j. If j is a barshaped obstacle, then r j = 0, d ij represents the distance from pedestrian i to obstacle j, and n ij is a unit vector that is perpendicular to obstacle j and points to i. In the original SFM, if d ij À r ij \ 0, f ij r will increase abruptly because of their exponential relation. As a result, the pedestrian will struggle to move, the repulsion force greatly exceeds the walking capacity, and the probability for a pedestrian to overlap with obstacles becomes high. However, in a normal evacuation situation, pedestrians are unlikely to push obstacles with great force, thus it is assumed that the repulsion force will not exceed the movement capacity in the modified SFM. This restriction is realized by Equation (14), which assures that f ij r 4 A i . The repulsion force field of obstacle j is illustrated in Figure 6 . When j is a circle-shaped obstacle, the repulsion force points from the center of j to i. When obstacle j is a bar-shaped obstacle, the direction of repulsion force depends on the locations of i and j. If the projection of pedestrian i is not in the bar-shaped obstacle, the repulsion force points from the nearest endpoint of j to the center of i. Otherwise, the repulsion force is perpendicular to j and points to i, which means the repulsion force cannot supply the motivation to evade the bar-shaped obstacle.
On the other hand, the friction force generates only when the pedestrian contacts with an obstacle in the SFM. In real life, a pedestrian will also decelerate when he comes close to an obstacle. Therefore, the friction force is modified and the extended radius r i e (r i e . r i ) representing the dynamic movement space is introduced. The calculation of friction f ij m is as follows:
r ij e = r i e + r j ,
where K i is a constant representing the intensity of the rubbing effect, t ij is a unit vector perpendicular to n ij , and Dv ij t is the reflection of v j À v i on t ij . Based on the modified self-driven force, repulsion force, and friction force, the actual velocity change of pedestrian i at time t can be derived by the acceleration as follows:
where O is a set including all the spatial obstacles and pedestrians.
The modified SFM models the evading and surpassing behavior of pedestrians in normal walking conditions, where the compression and deformation of pedestrians and obstacles have not been taken into account. One advantage of the modified model is that merely two new parameters, that is, the avoiding time t a i and C i , are introduced to realize the evading and surpassing behavior. The lanechanging force is derived through the conjugated relationship between forces other than introducing new parameters. On the other hand, t a i indicates the time at which the evading and surpassing behavior is triggered, and C i indicates the reaction sensitivity of pedestrians to collisions. Therefore, the variation of t a i and C i could reproduce evading and surpassing behavior of different pedestrians. In particular, when t a i equals zero, the modified model is almost identical to the original SFM.
Simulation and results

Estimation of avoiding time
Experiments on the microscopic evading and surpassing behavior of pedestrians have been conducted for the observation of this behavior and the estimation of avoiding time. An artificial passageway (3 m 3 2 m) and the internal spatial obstacle (r = 0.5 m) were constructed using cardboard boxes. Thirty-nine college students with 20 male and 19 female students have participated in the experiments. Pedestrians are required to wear caps for the convenience of identifying pedestrian locations. At the initial time, pedestrians were required to stand in a row outside the experiment area covered by grids. When the experiment commenced, pedestrians were asked to traverse the experiment area at their free velocity one by one (see Figure 7 ). It could be observed from the experiment that the time for each pedestrian to traverse the passageway ranges from 2 to 3 s, which is nearly the same as the traversing time when there are no spatial obstacles in the passageway. Through manually extracting the locations of pedestrians in the experiment area at the time interval of 0.5 s, the pedestrian trajectories could be obtained as shown in Figure 8 .
It can be seen from Figure 8 that a pedestrian tends to walk in a straight line at first, and then changes his movement direction when the evading distance, which we define as the shortest distance from his center of mass to the edge of obstacle, reaches a certain value. Based on the pedestrian trajectories, the evading distance and average velocity of each pedestrian could be obtained (see Table 2 in the Appendix). Since it is difficult to measure the desired velocity of each pedestrian, we presume that the average velocity is approximate to the desired velocity. Subsequently, the avoiding time of each pedestrian could be derived through dividing the evading distance by his average velocity.
According to Table 2 , the evading distance ranges from 1.5 to 8.0 m, with 3.9 m as its average value; the average velocity ranges from 1.0 to 1.7 m/s, with 1.2 m/s as its average value; and the avoiding time ranges from 1.3 to 7.4 s, with 3.2 s as its average value. Considering the difference between pedestrians, we presume that the values of avoiding time and desired velocity are reasonable if they are within their value ranges. In this study, we set the values of avoiding time t a i and desired velocity v i 0 in simulation as 3.0 and 1.0 m/s, respectively.
Simulation scenarios
Two simulation scenarios in a passageway are constructed to study the macroscopic features caused by the evading and surpassing behavior. Scenario I is an evacuation scenario, where pedestrians will not return to the passageway after evacuating from it. Scenario P is a passing scenario with periodic boundary, where pedestrians will return to the system after reaching the system boundary. The width of the passageway is set as W, and the length of the pedestrian movement area is L. To explore the influence of different obstacles on pedestrian flows, a circle-shaped or bar-shaped obstacle is located respectively in the middle of the passageway. It is noted that the size of the spatial obstacle is defined as r, which represents the radius of a circle-shaped obstacle, and the half length of a bar-shaped obstacle.
At the initial time step, the pedestrian number in the system is N. Scenario I is shown in Figure 9 , where the area surrounded by the dashed lines is the pedestrian generation area, and the remaining area of the passageway is the pedestrian movement area. Pedestrians are generated in the generation area, and then move upwards into the movement area until evacuating from the passageway. Scenario P with the periodic boundary is illustrated in Figure 10 , where pedestrians are stochastically distributed in the passageway and enter into the lower boundary after leaving from the upper boundary.
Pedestrians are set as homogeneous to eliminate the influence of pedestrian diversity on simulation results. The acceleration time t is also set as the simulation time step. The parameters are illustrated in Table 1 .
In the original SFM, the repulsion force parameter A i = 2 3 10 3 N and D i = 0:08 m, and the friction parameter K i = 2.4 3 10 5 kg m -1 s -1 . However, these parameters are different from those in the modified SFM (see Table 1 ) for the following reasons. Firstly, since A i is a parameter reflecting the movement capacity that varies among different pedestrians, it is reasonable to value A i according to the desired velocity. The value of A i in Table 1 can also guarantee that the pedestrian will not retreat. Secondly, the value of D i shown in Table 1 is larger than that in the original SFM. The increase of D i improves the movement sensitivity and enables pedestrians to react in a more timely manner to the repulsion, thus helping alleviate the overlaps among pedestrians. Finally, the friction parameter K i shown in Table 1 is smaller than that in the original SFM. In the original SFM, the friction force is nonzero only after the pedestrian contacts with obstacles, and the value of the friction force is large enough to have great influence on pedestrian movement. While in this modified SFM, the extended radius is introduced to reproduce the rubbing effect when a pedestrian is close to obstacles. The value of K i therefore should be reduced to weaken the influence of friction after the modified friction force becomes nonzero.
In the simulation system, the spatial obstacle in the middle of the passageway occupies the walkable space of pedestrians and forms a bottleneck with the walls of the passageway, which is illustrated by the dashed lines in Figure 10 . Evacuation scenario I is simulated to explore the influence of evading and surpassing behavior on evacuation time, while passing scenario P is simulated to explore the effect of the bottleneck on pedestrian movement. Based on the two scenarios, the macroscopic influence of evading and surpassing behavior can be analyzed. For both scenarios, the final results are the average of 20 simulation runs. Each simulation run in scenario I represents a whole evacuation process, while that in scenario P represents the passing process within the former 100 time steps. In evacuation scenario I, the required data is evacuation time, and pedestrians will leave from the system through the upper boundary. In passing scenario P, the required data is the number of pedestrians passing through the bottleneck when the total number of pedestrians in the system is constant; thus, the periodic boundary is essential to maintain the number of pedestrians in the system. Meanwhile, pedestrians having passed through the system for a few times will form a stable passing flow, which makes it feasible to reflect the evacuation rule through recording the data in the former 100 time steps. 
Evading and surpassing behavior of a single pedestrian
The evading and surpassing behavior depends on the value of avoiding time t a i , which can be illustrated by the movement trail of a certain pedestrian i, shown in Figure 11 . A circle-shaped obstacle and a bar-shaped obstacle with the same size r = 0:5 m are set respectively in the middle of the passageway in Figures 11(a) and (b). In scenario I, pedestrian i will start from the bottom boundary and walk upwards along the middle axle of the passageway. The location from which the pedestrian begins to evade or stop is defined as an evading point. In Figure 11 , P n (n = 0, 1, 2, 3) represents the evading point of pedestrian i when t a i = n s. It is noted that when t a i = 0 s, the modified model is in conformity with the SFM, and the pedestrian will not evade or surpass obstacles. Comparing the trajectories when t a i = 3 s in Figure 11 with the experimental trajectories in Figure 8 , it can be seen that the simulated trajectory is quite similar to the experimental trajectory, thus reflecting the validity of our model to some extent.
Some studies have done experiments in similar scenarios, as shown in Figure 11(a) , with a pedestrian acting as the obstacle in the middle of a passageway. 29, 36 The distance between the centroids of the individual pedestrian and the obstacle when the pedestrian begins to change his movement direction ranges from 0.5 to 4.25 m in Lv et al. 36 and from 1.5 to 4 m in Moussaïd et al. 29 Nevertheless, the effects of spatial obstacles and the effects of the pedestrian on the evading mechanism may be different, making it essential to conduct corresponding experiments for further exploration. 36 In this research, we focus on the theoretical research on the influence of t a i when pedestrians are confronted with spatial obstacles.
It can be seen from Figure 11 that when t a i = 0 s, the pedestrian will stop in front of the obstacle owing to the repulsion force, and the corresponding evading point is actually a stopping point. When t a i . 0 s, the larger the value of t a i is, the earlier the pedestrian begins to evade, and the smoother the movement trail is. On the other hand, the variation of t a i will also influence the evacuation time, which is further explored through comparing the evacuation time under different obstacle shapes. It is defined that the evacuation time T represents the time it costs to evacuate all the pedestrians from the passageway in scenario I. It is assumed that pedestrian i walks along the middle axle of the passageway, and the evacuation time T for pedestrian i to respectively evacuate from a passageway with a circleshaped obstacle, a bar-shaped obstacle, and no obstacle is shown in Figure 12 .
As is shown in Figure 12 , although the evacuation time when there exists an obstacle is always larger than that without obstacles, the gap between the two kinds of evacuation times decreases with the rise of t a i until reaching nearly 0.1 s when t a i 5 3:0 s. This means that when t a i is large, the existence of an obstacle may have little influence on the evacuation time, which is in accordance with experimental results in Section 3.1. Since the pedestrian with evading and surpassing behavior will maintain the magnitude of the desired velocity, the reason for the extension of T is that evading the obstacle will increase the walking distance. Meanwhile, when there is an obstacle, the value of T gradually decreases with the rise of t a i and remains constant after t a i reaches a certain value (t a i = 3:0 s). When t a i is small (t a i \ 3:0 s), the evading behavior is triggered earlier. The rise of t a i enables pedestrians to evade earlier, makes the movement trail smoother, and eventually reduces the evacuation time. When t a i is large (t a i 5 3:0 s), T can be considered as a constant value, which is because the value of f ij c is small enough to be neglected when the pedestrian is far from the obstacle.
Meanwhile, in the passageway with a circle-shaped obstacle, the value of T is smaller and the movement trail is smoother than that with a bar-shaped obstacle. Because of the obstacle shape, the distance from the evading point to the obstacle center corresponding to the circle-shaped obstacle is larger than that corresponding to the bar-shaped obstacle (see Figure 11 ). Therefore, a pedestrian will evade earlier when confronted with a circle-shaped obstacle than a bar-shaped obstacle.
Evading and surpassing behavior of multiple pedestrians
When there are multiple homogeneous pedestrians in the system, a pedestrian will surpass others who will collide with him. After triggering the evading and surpassing mechanism, an individual is eager to change his movement trail through evading static obstacles and surpassing mobile obstacles, and this behavior will affect the movement of others, thus influencing the evacuation time.
3.4.1 Evacuation without spatial obstacles. Pedestrian movement in a passageway without spatial obstacles is simulated in scenario I to explore the effect of surpassing behavior among pedestrians. Eight pedestrians in a queue are placed in the situation shown in Figure 13 (a), in which they are unable to walk at their desired velocities due to the influence of repulsion forces from the forward pedestrians. To help illustrate the effect of surpassing behavior more intuitively, the evacuation processes of pedestrians with and without surpassing behavior are respectively shown in Figures 13 and 14 .
As is shown in Figures 13 and 14 , pedestrians initially stand closely in a queue in the middle of the passageway, and desire to walk upwards to traverse the passageway. When pedestrians do not surpass others, they still walk in a row with a larger interval (see Figure 14 ) because the original SFM does not supply them with lateral motivation. When the surpassing behavior exists among pedestrians, they are motivated to move in the direction perpendicular to the desired one if the conditions for collision are met (see Figure 13 ). According to the simulation result, the evacuation times for pedestrians in Figures 13 and 14 are, respectively, 11.5 and 13 s, which means the surpassing behavior helps reduce the evacuation time in this simulation scenario. However, the pedestrian initial placement in this case is a special one, and the evacuation results can be closely related to the pedestrian placement.
To weaken the influence of pedestrian initial placement, pedestrians are randomly distributed in the pedestrian generation area. The curves of T against N with different t a i are illustrated in Figure 15 to demonstrate the influence of different evading and surpassing behaviors on evacuation time.
From Figure 15 , it can be seen that the evacuation time T is affected by the initial pedestrian number N and avoiding time t a i . T will increase with the rise of initial pedestrian number N, and the larger t a i is, the more T increases. Due to the decrease of the average walkable space for each pedestrian, most pedestrians have to move with low velocities as the pedestrian number increases, thus prolonging the evacuation time. Meanwhile, there is a critical initial pedestrian number N c that distinguishes the influence of t a i on T. When N 4 N c (N c = 15 p), the T values corresponding to different t a i values are nearly equal to each other, which indicates that the evading and surpassing behavior has little effect on the evacuation time under this condition. Since the walkable space for each pedestrian is larger when N is smaller, pedestrians will either rarely surpass others, or hardly interfere with the movement of others during the surpassing process. Therefore, the evading and surpassing behavior has little impact on the movement efficiency. However, when N . N c , the curves become relatively dispersive, which indicates that t a i has influence on the evacuation time. It is noted that the T corresponding to t a i = 0 s is always smaller than the T corresponding to other values of t a i , which indicates that the evading and surpassing behavior will prolong the evacuation time when the pedestrian number is larger than the critical one in the simulation process. Figure 16 shows the curves of T against t a i with different N in the passageway without spatial obstacles.
From Figure 16 , it can be seen that when N . N c , the evacuation time firstly increases with the rise of t a i , and gradually becomes steady. The time-prolonging effect becomes more and more strong with the increase of t a i when t a i is relatively small, and becomes steady when t a i is relatively large. The reason for the increase of the timeprolonging effect is that when t a i is small, the larger t a i is, the earlier a pedestrian will begin to surpass a slower pedestrian, and the more active pedestrians are to adopt the behavior. As a consequence, the interference among pedestrians becomes heavier in the meantime, making the time-prolonging effect become stronger.
From the perspective of the movement strategy, the original intention of surpassing slower pedestrians is to enhance the movement efficiency. Pedestrian movement without evading and surpassing behavior reflects the obedience to present movement states and the mentality to maintain order by following and waiting after slower pedestrians, which can be seen as ''following-orders'' behavior. The behavior of surpassing slower pedestrians reflects the disobedience to present movement order and the mentality to aggressively surpass others, which can be seen as ''breaking-orders'' behavior. According to the simulation results, the evading and surpassing behavior increases the disturbance among pedestrians and decreases evacuation time under the condition with a large pedestrian number in normal conditions. Therefore, to individual pedestrians in a passageway without spatial obstacles, a favorable movement strategy is to maintain good movement orderliness under the condition with a relatively larger pedestrian number, while actively evading and surpassing others under the condition with a relatively lower pedestrian number. As to the organization and management of normal unidirectional pedestrian flows in a passageway without spatial obstacles, it is suggested to encourage ''following-orders'' behavior with a high pedestrian density and ''breaking-orders'' behavior with a low pedestrian density.
Results about the movement strategy of pedestrians in this research are similar to but different from the ''clever is not always better'' effect in Frank and Dorso. 23 A pedestrian with ''breaking-orders'' behavior would change his desired direction when confronted with collisions, and a ''clever'' pedestrian in Frank and Dorso 23 would also change his desired direction to avoid collisions with spatial obstacles. Both ''clever'' pedestrians and ''breakingorders'' pedestrians do not necessarily achieve higher evacuation efficiency in high pedestrian density. However, the preconditions of the two conclusions are different. It has been illustrated that ''clever'' pedestrians might get longer evacuation time if a panel-like obstacle is set before the exit in Frank and Dorso. 23 In this research, it is very possible that some pedestrians who are not ''clever'' could not evade a panel-like obstacle if they are behind the obstacle, which is because the repulsion force (see the repulsion field in Figure 6 (a)) does not supply lateral motivation for a pedestrian to evade the obstacle. Although the ''clever is not always better'' effect before the panel-like obstacle has not been studied in this research, our simulation results show that the ''breaking-orders'' behavior of normal pedestrians in a unidirectional passageway without spatial obstacles would reduce evacuation efficiency when the pedestrian density is high, which shows that ''breakingorders'' is not always better.
3.4.2
Evacuation with a spatial obstacle. The spatial obstacle in the passageway can obstruct the movement of pedestrians if they keep the former desired movement status, which can be illustrated by the evading point P 0 in Figure 11 . Therefore, pedestrians have to evade spatial obstacles for evacuation. It is defined that the evacuation time for pedestrians in the passageway with a circleshaped obstacle is T c . The change of evacuation time T c with the initial pedestrian number N and the obstacle size r in scenario I is shown in Figure 17 .
From Figure 17 , it can be seen that T c exponentially increase with the rise of r and N. On the one hand, the bottleneck width will decrease with the rise of r, which means that pedestrians could not obtain sufficient walkable space. On the other hand, the walkable space will also become smaller with the rise of the pedestrian number. As a result, the decrease of pedestrian walkable space intensifies the mutual interference among pedestrians and in turn leads to the increase of T c . Therefore, the rise of pedestrian number and the decline of bottleneck width both increase evacuation time.
Moreover, the shape of spatial obstacles also affects the evacuation time. In particular, when a bar-shaped obstacle is set across the pedestrian flow in a passageway, pedestrians without evading and surpassing behavior cannot pass through the passageway due to the lack of component force in the direction perpendicular to the obstacle (see Figure 11 (b)), which results in an infinite evacuation time. It is defined that the evacuation time of pedestrians with evading and surpassing behavior in the passageway with a bar-shaped obstacle is T b , and the difference of evacuation time under the two types of obstacles is T b À T c . The variation of pedestrian evacuation difference T b À T c with r and N is shown in Figure 18 .
When T b À T c . 0, it is indicated that with the same obstacle size, the evacuation time corresponding to the bar-shaped obstacle is longer than that corresponding to the circle-shaped obstacle. It can be seen from Figure 18 that there is a critical obstacle size r c that distinguishes the tendency of T b À T c variation. When r is relatively small (r 4 r c ), T b À T c has a steady variation trend and fluctuates around zero. When r is relatively large (r . r c ), T b À T c is always positive, and keeps a growing trend with the rise of r. As a consequence, it can be concluded that when the obstacle size is small, the shape of the spatial obstacle has a relatively small effect on pedestrian evacuation time. When the obstacle size is large, the circle-shaped obstacle always corresponds to a shorter evacuation time, and the larger r is, the more superior the circle-shaped obstacle is than the bar-shaped one. Therefore, the circleshaped obstacle can be concluded to have a stronger guiding function on pedestrian flow. As to practical application, if the obstacle size is small, the obstacle shape makes little difference on pedestrian evacuation efficiency. If the obstacle size is large, a circle-shaped obstacle enables pedestrians to evacuate more rapidly.
Passing capacity of the bottleneck
In passing scenario P shown in Figure 10 , the dashed lines represent the bottleneck formed by the obstacle and walls. It is defined that the number of pedestrians passing through the bottleneck between time step t and t + 1 is N t , the number of passing pedestrians within M time steps is Q = P N t , and the unit passing pedestrian number J is the average number of passing pedestrians within a second. Since one time step corresponds to 0.5 s, it is deduced that Pedestrian movement in passing scenario P is simulated to explore the number of pedestrians passing through the bottleneck under different r and N, and the corresponding result is shown in Figure 19 .
It can be seen from Figure 19 that with the increase of N, the variation of J can be distinguished into the increase state and level state. When N is small, the system is in an increase state, and J will increase with the rise of N. When N is large, the system is in a stable state, and J will remain constant with the rise of N. It is indicated that the value of J is influenced by the initial pedestrian number N and the width of the bottleneck. When the walkable space is sufficient, the main factor restricting J is N, and J will increase with the rise of N. When the pedestrian number is too large to meet the passing demand of all the pedestrians, the bottleneck width becomes the main restriction, and the number of passing pedestrians reaches its passing capacity C. Therefore, the passing capacity can be obtained after J remains constant with the increase of N, and the corresponding J equals C.
The bottleneck passing capacity is irrelevant to the number of pedestrians, which means the passing capacity is an intrinsic property of the bottleneck. The relation between the passing capacity C and obstacle size is illustrated in Figure 20 .
As is shown in Figure 20 , the passing capacity C nearlinearly decreases with the increase of r for both types of obstacles. The reason is that the bottleneck width decreases with the increase of obstacle size, which reduces the walkable space for pedestrians. On the other hand, with the same r, the passing capacity C corresponding to the circleshaped obstacle is larger than that corresponding to the bar-shaped obstacle, which means the obstruction effect of a circle-shaped obstacle is weaker than that of a bar-shaped obstacle.
The reason for the difference of obstruction effect is relevant to the obstacle shape. The distance from the evading point to the obstacle center is different between the circle-shaped and bar-shaped obstacles. The pedestrian at the evading point is farther toward the center of the circleshaped obstacle than to the bar-shaped obstacle, which means that a pedestrian will earlier evade a circle-shaped obstacle than a bar-shaped obstacle. Moreover, the movement trail is smoother and shorter during evading a circleshaped obstacle than a bar-shaped obstacle. The earlier triggering time and shorter walking length make pedestrians possess a higher probability to pass through the bottleneck formed by a circle-shaped obstacle than a bar-shaped obstacle. Therefore, the capacity of pedestrians passing through the bottleneck formed by a circle-shaped obstacle is larger than that formed by a bar-shaped obstacle. In order to enhance the capacity of pedestrians passing a bottleneck, a circle-shaped obstacle is suggested to be adopted if a circle-shaped or bar-shaped obstacle need be set in walking facilities.
Triangle evading region
The microscopic evading and surpassing behavior will induce a macroscopic phenomenon called the triangle ''evading region,'' which can be illustrated by depicting the pedestrian trails in Figures 21 and 22 with t a i = 3 s and r = 0:5 m. In evacuation scenario I, pedestrians are trimly arranged before the start line primarily and set to depart simultaneously.
From Figures 21 and 22 , it can be seen that the pedestrian trails before the spatial obstacle are relatively inordinate, since pedestrians are all searching for better desired movement status. It is interesting that after passing by the spatial obstacle, the pedestrian trails become smooth, and mostly concentrate into a few clusters, which is a manifestation of the self-organization phenomenon. This indicates pedestrians will walk more orderly after passing by the spatial obstacle. Therefore, it is feasible to set spatial obstacles for guiding pedestrians to pass or evacuate more orderly under specific situations.
On the other hand, pedestrians will evade the spatial obstacle before colliding with it, which forms a subtriangular region before the obstacle. The region is defined as the triangle ''evading region,'' whose size varies with N and obstacle shape. It can be seen from Figures 21 and 22 that the area of the triangle ''evading region'' decreases with the increase of N. By comparison, it can also be observed that the triangle ''evading region'' of the bar-shaped obstacle has a smaller area than that of the circle-shaped obstacle, especially when N is large.
Meanwhile, the area of the triangle region is mainly determined by the height of the region, namely the nearest location to the bottleneck that pedestrians begin to evade. In consequence, the larger the triangle region is, the earlier that pedestrians begin to evade, and the stronger the guiding function of the obstacle is. The area of the triangle region is therefore capable of helping to evaluate the guiding function of obstacles.
By contrast, the trails of pedestrians without evading and surpassing behavior (t a i = 0 s) are as depicted in Figure  23 . It can be seen from Figure 23 that the triangle ''evading region'' does not exist before the spatial obstacle when pedestrians do not actively evade obstacles, and some pedestrians are even unable to avoid the bar-shaped obstacle. Therefore, it can be proved that the triangle ''evading region'' is caused by the evading and surpassing behavior of pedestrians. The existence of this region in real life will be illustrated by experiments shown in Section 4.1.
Modeling and simulation comparison 4.1. Comparative experiments
Through comparing the experimental results on the microscopic behavior and some macroscopic features of pedestrians with simulation results, the validation of modeling and simulation in this study could be achieved to some extent.
On the one hand, the microscopic evading trajectories of pedestrians in experiments and simulation can be seen in Figures 8 and 11 with t a i = 3 s, respectively. Through comparison, it can be seen that the two kinds of trajectories are quite similar. A pedestrian both in experiment and in simulation would walk straight at the beginning, and begin to change his walking direction at a certain point before the obstacle with a smooth trajectory. Meanwhile, in this condition, the existence of the obstacle has little influence on the evacuation time of a single pedestrian either in experiment and simulation. Therefore, it can be illustrated that the practical microscopic evading behavior could be reproduced through simulation. On the other hand, the macroscopic triangle ''evading region'' has been observed in simulation. To testify whether the triangle ''evading region'' exists in real life, experiments have been conducted to depict the trajectories of pedestrians. Pedestrians were trimly arranged on the right-hand side of the passageway (see Figure 24 ) and were required to begin traversing the passageway from the right-hand side to the left-hand side simultaneously (see Figure 25 ). Four different experiments have been conducted to extract pedestrian trajectories when there were no obstacles (see Figure 25 (a)), one circle-shaped obstacle with r = 0.2 m (see Figure 25 (b)), one circleshaped obstacle with r = 0.4 m (see Figure 25 (c)), and one bar-shaped obstacle with r = 0.5 m (see Figure 25(d) ) in the middle of the passageway. Although the thickness of the bar-shaped obstacle is 0.3 m, which is thicker than the bar-shaped obstacle in the simulation process, we presume the overall trails are similar in this research and use a line to represent the obstacle in Figure 26 , where the 39 trails are depicted. The evacuation time T corresponding to each experiment can also be seen in Figure 26 .
It can be seen from Figure 26 that the triangle ''evading region'' phenomenon would merely occur when there exists a spatial obstacle, and the area of this region is related to the size and shape of the obstacle. A circleshaped obstacle with a larger size would correspond to a larger triangle ''evading-region,'' and this region of a circle-shaped obstacle is larger than that of a bar-shaped obstacle with the same size.
Meanwhile, it can be observed from the experiment process and Figure 26 that pedestrians would move at low velocity before reaching the obstacle with twisty trajectories, while they would move at high velocity after passing by the obstacle with smoother trajectories. We presume the main reason is as below. When pedestrians are before the bottleneck, congestion would form and pedestrians would decelerate. As a result, pedestrians would choose to change their desired direction, making the trajectories twisty before the obstacle. When pedestrians pass by the obstacle, each pedestrian has larger walkable space. In this condition, their movement velocity is larger, making them less likely to change movement direction.
Furthermore, the smoothness of pedestrian trajectories is related to the size and shape of the obstacle. Through comparing Figures 26(b) and (c), it can be seen that when the obstacle size becomes larger, the trajectories before the obstacle are more tortuous and the trajectories after the obstacle are smoother than the corresponding trajectories when the obstacle size is smaller. Therefore, it can be concluded that the existence of the obstacle could disturb the movement and reduce the velocity of pedestrians before the obstacle, while keep pedestrians in order and improving the velocity of pedestrians after the obstacle.
In addition, since the movement features of pedestrians before and after the obstacle in experiments are in accordance with the simulation results in Section 3.6 (see Figures  21 and 22) , it can be proved that the modified model in this research can reproduce the real triangle ''evading region,'' which is a phenomenon that exists in real life.
Comparison with published works
In this research, a modified SFM based on conjugated driven forces has been constructed to solve the problems in the original SFM and give emphasis to the reproduction of the microscopic evading and surpassing behavior and the corresponding macroscopic triangle ''evading region.'' Comparisons with models in published works (Helbing et al., 12, 13 Frank and Dorso, 23 and Berg et al. 34 ) would be described from the perspectives of theoretical approaches and modeling performance, and the results are analyzed as follows and illustrated at Table 2 in the Appendix.
Theoretical comparison.
The SFMs in Helbing et al. 12, 13 and Frank and Dorso 23 assume that a pedestrian is driven by forces that represent his own motivation and the influence of local obstacles, including other pedestrians. The desired force represents the motivation of a pedestrian to reach a certain destination, and the repulsion force and friction force are both introduced to enable a pedestrian to avoid overlap with obstacles during his movement process. The repulsion force is exponential to the relative distance between the pedestrian and the obstacle, while ignoring the influence of the movement status, that is, the velocity, of the obstacle. The friction force takes effect after the pedestrian contacts with the obstacle. Meanwhile, the movement of the pedestrian at the next time step is influenced by his desired movement status, present movement status, and the positions of obstacles.
The ORCA (Optimal Reciprocal Collision Avoidance) model 34 assumes that a pedestrian can perceive the velocity of others and choose the optimal collision-avoidance velocity accordingly at every time step. This velocitybased model assumed that pedestrians were conservative and would not contact or overlap with others due to the velocity choice mechanism, making it superior in eliminating the collisions among pedestrians in simulation. Nevertheless, the walking distance and velocity of a pedestrian at every time step is irrelevant to his velocity at the last time step, which means the movement of a pedestrian is merely influenced by his desired movement status and the movement status of surrounding obstacles, while ignoring his present movement status, making the movement consistency weaker than the other models.
By contrast, the modified SFM based on conjugated driven forces in this research enables pedestrians to evade major collisions by changing the desired movement status through conjugated driven forces, avoid overlapping with other pedestrians through the modified repulsion force, and reproduce the rubbing effects with adjacent obstacles through the modified friction force. This model inherits the merits of the SFMs in Helbing et al. 12, 13 and Frank and Dorso, 23 and additionally considers the movement status of surrounding obstacles. In particular, the pair of conjugated driven forces describes two basic phenomena before obstacle, that is, the deceleration to evade collisions and the acceleration to change the movement direction, which makes this model superior in reproducing the evading and surpassing behavior from the perspective of active and intelligent behavior. pedestrians, and may fail to evade spatial obstacles in some situations, like shown in Figure 12 . Frank and Dorso 23 manually changed the desired directions of pedestrians to enable them to evade spatial obstacles, and the other forces are the same with those in the original SFM. This SFM with modified desired direction enables a pedestrian to evade spatial obstacles. However, the processes of decelerating to evade collisions and accelerating to change the movement direction were not studied because the mechanism of evading and surpassing obstacles was not introduced or analyzed. Moreover, the triggering condition of the evading behavior has not been taken into consideration because all the pedestrians hindered by the spatial obstacle would change their desired directions no matter how far they are from the obstacle. Besides, the desired direction at a certain location is always permanent, making it difficult to reproduce different evading trails. On the other hand, the modified SFM in Frank and Dorso 23 is superior in reproducing macroscopic phenomena of pedestrian flows in panic and crowded conditions. For instance, the ''arching'' and ''faster is slower effect'' in the original SFM, as well as the unique ''clever is not always better'' effect, were successfully reproduced.
The ORCA model theoretically could enable a pedestrian to evade and surpass static and mobile obstacles, despite that the specific pedestrian evading and surpassing trails have not been illustrated in Berg et al. 34 All the pedestrians adapt the same velocity-choice mechanism to avoid collisions, making it still difficult for this model to reproduce the different evading and surpassing behavior of pedestrians. Compared with the SFM, this model is more suitable to emulate pedestrian evacuation in normal conditions, because physical contacts would not occur among pedestrians. On the other hand, although macroscopic phenomena have not been studied in Berg et al., 34 the ''arching'' before the exit could be seen in the simulation snapshots.
By contrast, the model in this research focuses on the reproduction of microscopic evading and surpassing behavior, and is capable of reproducing different evading and surpassing trails by changing the avoiding time, as shown in Figure 12 . Since the compression and deformation of pedestrians are neglected, this model is more suitable to the simulation of normal pedestrians without panic. On the other hand, the triangle ''evading region'' before the obstacle has been reproduced through simulation and testified by experiments in this research. It is noted that the triangle ''evading region'' exists before the spatial obstacle in normal conditions. Whether some phenomena like ''arching'' and the ''faster is slower effect'' under high density and panic conditions could be observed in the simulation integrated with the pair of conjugated driven forces still requires further exploration.
Conclusion and future work
Simulation of the pedestrian flow in a passageway is carried out based on a modified social force with the behavior of evading and surpassing obstacles. The influences of obstacles on the macroscopic features of pedestrian flow are explored through simulation. In order to enable pedestrians to realize the behavior of positively and actively evading and surpassing obstacles by changing the desired movement status, a pair of conjugated forces is introduced to modify the self-driven force in the modified SFM. The pair of conjugated forces also guarantees that pedestrians only change the direction of their desired velocity and maintain the magnitude of their desired velocity during the process of evading and surpassing obstacles. The parameter of avoiding time is introduced to describe the triggering condition of the evading and surpassing behavior. The value of avoiding time has been estimated through practical experiments.
It is concluded that the evacuation time in the passageway without a spatial obstacle will be increased by the evading and surpassing behavior when the initial pedestrian number is larger than a critical value. However, there is little influence on the evacuation time when the initial pedestrian number is smaller than the critical value. It is revealed that the behavior of evading and surpassing slower pedestrians is disadvantageous to the movement efficiency on the whole, and should be discouraged or forbidden under a high pedestrian density. When a spatial obstacle exists in the passageway, the evacuation time will increase with the rise of pedestrian number and the decline of bottleneck width. Meanwhile, it is concluded that the evacuation time has little difference between circle-shaped and bar-shaped obstacles when the size of the spatial obstacle is smaller than a critical size. When the size of the spatial obstacle is larger than a critical size, the circleshaped obstacle corresponds to a shorter evacuation time than the bar-shaped obstacle.
On the other hand, when a bottleneck in the passageway is formed between the spatial obstacle and walls, the capacity of pedestrians passing the bottleneck with a circle-shaped obstacle is larger than that with a bar-shaped obstacle. It is revealed that the circle-shaped obstacle has greater guiding function than the bar-shaped obstacle. Therefore, it is suggested to adopt a circle-shaped obstacle if a circle-shaped or bar-shaped obstacle is required to be set in pedestrian walking facilities. Meanwhile, the phenomenon of obstacles guiding and separating pedestrian flow can be observed in the simulation and experiments, which increases the order of pedestrian movement after pedestrians pass by obstacles. The triangle ''evading region'' before the spatial obstacle can be observed in the process of pedestrians evading and surpassing obstacles. The area of triangle the ''evading region'' of a circle-shaped obstacle is larger than that of a bar-shaped obstacle, which is determined by pedestrian number and obstacle shape. Moreover, the modeling and simulation results are also compared with practical experiment results and other theoretical models, thus illustrating the validity of simulation results and theoretically showing the advantages of this study in reproducing microscopic evading and surpassing behavior.
At present, our study focuses on the evacuation of pedestrians with evading and surpassing behavior under normal conditions, and the desired velocities of all the pedestrians are unified in our simulation. However, diverse velocities and panic evacuations can be observed in real life. Therefore, in the future we intend to study the pedestrian dynamics in panic conditions, in which the desired velocities of pedestrians are much higher and diversified. Furthermore, various kinds of human experiments are expected to be conducted for the validation of simulation results. Firstly, compared with a rough estimation, it is essential to calibrate the specific value or ranges of the avoiding time, which is the contributing parameter to the evading and surpassing behavior. It is also interesting to explore whether and how the shape, size, and material of an obstacle would affect the avoiding time of a certain pedestrian behind the obstacle. Secondly, it is assumed that the desired velocity magnitude remains constant during the evading and surpassing process for the simplicity of modeling and simulation. In order to calibrate the parameters in the model based on conjugated driven forces, the variations of pedestrian velocity and desired velocity during the evading and surpassing process are expected to be measured. Finally, the compliance of macroscopic simulation results with experimental results is also expected to be explored for the validation of simulation results. For instance, experiments can be held to check the influence that the circle-shaped and bar-shaped obstacles will exert on evacuation time and the passing capacity of the corresponding bottleneck. Meanwhile, features of the ''evading region'' can be further explored through changing the obstacle shape, size, and location. 
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